The electronic excitation of the valence electron of alkali atoms in collisions with noble gas atoms has been studied with a procedure that combines l-dependent pseudopotentials including two and three-body polarization terms and a first principles description of the dynamics based on the eikonal approximation of atomic motions and time-dependent molecular orbitals. We discuss the effects of the atomic basis set size on the calculations. We present results for interaction potentials and couplings, the time-dependence of atomic populations, and state-to-state integral cross sections in the keV range. Our results for Li-He, Li-Ne, Na-He, and Na-Ne are in very good agreement with other theoretical and experimental data.
I. INTRODUCTION
Electronic transitions of an alkali atom interacting with a noble gas atom, are present in many phenomena of interest, such as pressure broadening studies of condensed matter and kinetics in hot gases and plasmas. Their study has resulted in recent experimental and theoretical publications on alkalinoble gas atom pairs. [1] [2] [3] [4] In another related area of research, the optical spectroscopy of alkali atoms in clusters has been the focus of recent research, particularly in connection with spectra in liquid helium droplets. [5] [6] [7] [8] Standard ab initio all-electron calculations of adiabatic interaction potential energies, which in principle can be very accurate when enough electronic configurations are included in the calculation, become difficult to perform as the number of electrons in the atomic cores increase. This is inconvenient although doable for a pair of atoms, but an all-electron calculation would involve many orbitals and would be impractical for a large atomic cluster. Calculations using pseudopotentials offer a very interesting alternative to treat the problem. They take advantage of the fact that the alkali core and noble-gas ͑Ng͒ atom have closed-shell structures to reduce the problem of the alkali-Ng interaction to a threebody problem.
A theoretical treatment of the electronic excitation dynamics in collisions of alkali-Ng atom pairs involves interatomic potentials and the nonadiabatic couplings responsible for the electronic transitions. It is of conceptual value to develop a time-dependent treatment to understand how the electronic transition takes place during the interaction. The terms first principles, ab initio and direct dynamics are used when applied to molecular dynamics to refer to a class of methods for studying the dynamical motion of atoms without previous knowledge of potential energy surfaces; instead, the entire quantum mechanical electronic structure problem is solved ''on the fly,'' and forces are computed directly from the electronic structure of the system. A review along these lines has recently appeared. 9 We have developed a first principles treatment of quantum molecular dynamics applicable to systems undergoing electronic excitation, by combining an eikonal ͑or short de Broglie wavelength͒ approximation of the nuclear motions with a time-dependent many-electron description in our Eik/TDHF approach. [9] [10] [11] [12] The present paper deals with an application to collisions in the keV energy range, while a following paper uses the same approach to describe phenomena in the hyperthermal range of collision energies. 13 Here we extend that treatment to study the time evolution of electronic transitions in collisions of alkali atoms with Ng atoms. Our approach combines the l-dependent pseudopotential method 14, 15 and the eikonal/time dependent molecular orbital ͑Eik/TDMO͒ method 11 to reduce our many electron alkali-Ng atom problem into a three-body problem ͑alkali-metal core, valence electron, and Ng atom͒, simplifying the theory and decreasing dramatically the computational effort. A recent publication briefly described results for the Li-He pair, 16 while this paper expands on the theoretical approach and gives results also for other systems.
Extensive pseudopotential molecular-structure calculations for all the alkali-Ng systems have been done using l-independent Gombas-type statistical pseudopotentials. [17] [18] [19] [20] Although these calculations yielded reasonable potentials for the systems involving heavy Ng atoms, they fail badly in the case of He and Ne. An improvement was achieved by applying the l-dependent pseudopotential technique 14, 21 for LiHe, 1, 14 LiNe, 15, 22 and NaNe. 15, 21, 23 Encouraged by the accuracy of those results we applied the l-dependent pseudopotential method to the calculation of the adiabatic potentials and couplings of alkali-Ng systems.
Our present applications of the theory deal with the time evolution of the electronic excitation from the ground state of an alkali atom M to its excited states (nlm l ) by collision with a noble-gas atom Ng, in M͑nl͒ϩNg→M͑nЈlЈ͒ϩNg and, in particular, Li͑2s ͒ϩHe→Li͑ 2 p ͒ϩHe.
It is of interest to describe what is occurring during the collisions. Among the possible quantities of interest, we present results for the atomic orbital populations of the collisional system. In addition, to check the validity of our method, we compare our calculated integral cross sections ͑ICSs͒ for LiHe, LiNe, NaHe, and NaNe with other experimental and theoretical results.
In what follows, we summarize the pseudopotential method used in these calculations and briefly review our Eik/ TDMO treatment, and its implementation for atomic pseudopotentials. We introduce atomic basis sets, give our results for ionization energies of Li and Na, interatomic potentials and integral cross sections for the colliding pairs.
II. THEORETICAL APPROACH

A. Atomic pseudopotential
The effect on a valence electron of an atomic core containing orbitals with angular momentum quantum number l can be expressed by semilocal l-dependent pseudopotentials V el PP in a Hamiltonian of the form ͑in atomic units with ប ϭeϭm e ϭ1 and neglecting spin-orbit coupling͒
Here A refers to the alkali atom and B to the noble-gas atom and R is the relative position of the two centers. The electronic potential V A describes the interaction between the valence electron at r A and the center A,
Here Z A c is the effective charge of the core A, and V A pol is the polarization potential,
with w(r,␦)ϭ1Ϫexp(Ϫ␦r 2 ) a cut-off function at short distances r. The last term in Eq. ͑2͒ V X sr is a short range semilocal pseudopotential, given by
where L stands for the largest angular momentum of the occupied shell of the atom and (r X ) is the radial part of the operator expanded in Gaussian form
͑5͒
with XϭA or B. The term V AB describes the interaction between the alkali atom and the Ng atom, and it is represented by
where V B is the interaction between the electron and the Ng atom and is given by,
w͑r B ,␦ ͒ 6 .
͑7͒
The three-body potential V ecc arises from the polarization of B by both e Ϫ and A ϩ , given by 
where the short-range part V cc sr (R) can be calculated with different methods. 14, 17, 24, 25 Our choice for the V cc sr was based on a more practical approach: We subtract our ground state PEC of the alkali-Ng system ͑omitting the energy contribution from the V cc ) from the most accurate curve available in the literature. The curve we obtain, which represents the core-core contribution, is then fitted using a function of adjustable parameters A and b,
where R is a scalar that stands for the internuclear distance between the two atoms. The pseudopotential parameters for alkali atoms employed for ͑Li,Na͒ ͑Ref. 26͒ are presented in Table I . These parameters were determined by adjusting the calculated atomic energies to the corresponding experimental ionization energies. 27 The pseudopotential parameters of the noble-gas atoms ͑He,Ne͒ ͑Ref. 15͒ were determined by fitting the experimental l-wave scattering phase shifts together with the scattering length, considered currently to be the best available, for e Ϫ -He ͑Ne,Ar͒ elastic scattering in the very low energy region and are presented in Table II . The adjustable parameter A and b in Eq. ͑10͒ are presented in Table III .
B. The eikonalÕtime dependent molecular orbital method with atomic pseudopotentials
The Eik/TDMO method is the version of the more general eikonal/time dependent Hartree-Fock ͑Eik/TDHF͒ method for one-active-electron systems. The implementation of Eik/TDHF and Eik/TDMO methods has been described in great detail in Refs. 10-12 and therefore, we only summarize the most relevant equations of the Eik/TDMO method and present them in the context of l-dependent pseudopotentials.
We consider the collision of an alkali atom A with a Ng atom B. The total wave function for the system ⌿ is a solution of the Schrödinger equation for total energy Ė ,
where X is the collection of coordinates of the active electron and R the relative position of the atomic centers. The Hamiltonian operator Ĥ of the atomic pair can be written as
where M is the reduced mass of the nuclei and H R is the Hamiltonian term for fixed nuclear positions. In what follows, we have replaced H R by the Hamiltonian Ĥ el PP ͑a Hamiltonian including the pseudopotential͒. We base our treatment on the eikonal representation of the total molecular wave function, ⌿(X,R)ϭ⌽(X,R)exp͓iS(R)/ប͔, where S is a real valued mechanical action and ⌽ is the time-dependent electronic wave function that we choose to represent by the approximate form, 10 
⌽͑X,R͑t ͒͒Ϸa͑ P,R͒͑X,t ͒, ͑13͒
where is a time-dependent single ͑complex valued͒ molecular orbital, and a(P,R) is a factor that accounts for the divergence of streamlines originating at each initial relative position of the nuclei and is related to the differential cross section in the effective potential at R→ϱ. Replacing ⌿ in Eq. ͑11͒ and taking the real part of the projection of ⌽ on the right of that equation and using the eikonal ͑short-wavelength͒ approximation for the nuclei 9,10 allows us to introduce a classical-like Hamiltonian for the nuclear motions of form
where Pϭ‫ץ‬S/‫ץ‬R, and the effective potential V can be written as
where ϭ͉͉͗͘ is the electronic density operator. The dynamics is carried out by solving the Hamilton equations
dR/dtϭ‫ץ‬H/‫ץ‬P, dP/dtϭϪ‫ץ‬H/‫ץ‬R ͑16͒
coupled to the time-dependent differential equation for the density operator (t),
where the time derivative here is equal to ‫)‪t‬ץ/ץ(‬ r ϭ(‫ץ/ץ‬t) r,R ϩ(dR/dt)•‫ץ/ץ‬R, so that it implicitly includes gradient couplings between electronic states. If we expand the time-dependent molecular orbitals in terms of linear combinations of static atomic functions ͑AFs͒ ͕͖, which are centered on the alkali atom then it is well known that, by replacing these AFs in Eq. ͑17͒, spurious asymptotic couplings appear in the form of ͗ ‫ץ͉‬ Ј /‫ץ‬t͘ terms. 10 These spurious couplings are avoided by expanding each TDMO as a linear combination of the traveling atomic functions ,
here the c's are complex expansion coefficients, (r) is an atomic orbital centered at core position R m (t) for the electron with position r. The electron translation factor ͑ETF͒ T m (r,t) is defined by
where v m is the velocity vector of core m, t i is the initial time, and m e is the electron mass. In what follows we are setting បϭ1.
The density operator in the basis of traveling atomic orbitals is written as
where the P is the density matrix. The matrix elements of P are 
and the differential equation for the density matrix is then transformed into
where Sϭ͉͗͘ is the overlap matrix and, in more detail, (H T ) Ј is written as
K el is the kinetic energy operator, V el PP is the electron-core ͑nuclear͒ interaction term, and LϭϪa m "r is an electronic energy term that arises from the acceleration of the center m; a m ϭdv/dt. In this paper we will ignore the contribution of the acceleration term, as recent calculations show that this term is important for only certain narrow ranges of collision energies. 28 Since we are only describing the valence electron of the alkali atom the index m in the ETF then refers to the alkali center, and if we go back to Eq. ͑25͒ and replace the traveling atomic orbitals using Eq. ͑19͒ we find that
͑28͒
It is now clear that in this particular system we can calculate the one-electron integrals, present in the matrix form of Eq. ͑17͒, in the basis ͕͖ of static atomic functions. As in Refs. 9-11, we separate the density matrix into a reference density and a density matrix change
where the reference density is obtained from its equation by its time propagation
and the reference density at the beginning of a time interval is P(t 0 )ϭP (0) (t 0 ). The time propagation of the density matrix change becomes
where U 0 (t,tЈ)ϭexp͓ϪiW 0 (tϪtЈ)͔ and the driving term is
where ⌬W(t)ϭW(t)ϪW(t 0 ). These equations are solved simultaneously with the trajectory Eq. ͑16͒ using Vϭtr͑PH͒/tr͑PS͒ to produce the dynamics of the system. Initial values of R in and P in for scattering in the XZ-plane are X in ϭb,
, with E lab the initial laboratory kinetic energy.
Starting initially in an atomic orbital p , integration over time gives the populations of orbitals q , or P(p) (t), and from their final values P p→q (E,b) at long times after a collision of kinetic energy E and impact parameter b, we calculate the integral cross sections for an electronic transition (p→q) using
The atomic orbitals are written as combinations of atomic Cartesian functions ,
͉͘ϭ͉͘C, ͑34͒
where C is the matrix of expansion coefficients obtained diagonalizing the W matrix in the basis
WCϭCE. ͑35͒
We have chosen Cartesian Gaussian functions g l (r;␣ jl,k ) ϭx n 1 y n 2 z n 3 exp(Ϫ␣ jl,k r 2 ), jϭ1,2,...,N l , to represent static atomic functions with quantum number ͑l͒ and s-, p-, and d-symmetry given by a index,
providing segmented contracted combinations of Gaussians with exponents ␣ and coefficients d obtained from the literature. The Hamiltonian matrix elements including pseudopotential ͑neglecting spin-orbit coupling͒ are obtained projecting the Hamiltonian operator on the left and right by ͗ p ͉ and ͉ q ͘, respectively,
͑37͒
The short-range matrix elements ͗ p ͉V X sr (r X )͉ q ͘ found in Eq. ͑37͒ with XϭA, B, can be written in terms of the integrals
where center C can be either A or B, and long-range polarization matrix elements can be obtained from integrals I ACB ,
We have written a code in FORTRAN 
III. NUMERICAL RESULTS AND COMPARISON
As a first numerical test of the accuracy of our pseudopotential choice we present some results for the ionization energies of Li and Na. The basis sets we have used for Li and Na were optimized in the pseudopotential calculation of the ionization energies of the ground and several excited states of s-, p-, and d-symmetries of those alkali atoms and are given in the usual notation ͑uncontracted/contracted͒ Cartesian Gaussian functions for Li we have used up to a (9s9p5d/7s7 p5d) basis. 1 For Na we found a (13s12p4d/10s8p4d) basis. 15 In Table IV we summarize our calculated ionization energies for Li and Na. Our results are in excellent agreement with the experimental values. Figure 1͑a͒ gives potential energy curves for LiHe using basis set (7s6p4d/5s5p4d). They are in excellent agreement with calculations using similar atomic pseudopotentials 1 presented in Fig. 1͑b͒ and serve to check our code development. These potentials are not explicitly needed in the calculations of dynamic properties because they are generated over time together with the couplings implicit in time derivatives of the electronic density matrix.
In the next figures we report some of the results we have obtained by applying our method to the LiHe, LiNe, NaHe, and NaNe collisional systems. Energies of interest for the incident alkali atom range from as low as 0.5 keV to greater than 30 keV depending upon the system. The simplest of the alkali-Ng system consisting of Li and He has been used to study in detail the time-dependence of the orbital population. Later, we summarize the results of final excitation ICSs. A careful selection of the initial conditions has guaranteed the convergence and reproducibility of the final results. Series of test runs ensured the convergence and stability of the numerical procedures for the integration of the equations. These tests involved varying the initial and final separation of the cores and we found that initial and final distances of 30.0 a.u. ͑where the interaction of the two atoms is negligible͒ are good for most systems. The time step size is automatically adjusted so the condition ⑀ lower р ʈQʈ ʈPʈ р⑀ higher ͑40͒
for lower and higher tolerances ⑀ lower and ⑀ higher is always satisfied. We found that tolerance bounds 10 Ϫ7 -10 Ϫ5 ͑for lower and higher tolerances respectively͒ gives accurate results in most cases.
It is always instructive to analyze the time evolution of the atomic orbital population, to learn about the nature of electronic rearrangement. These populations can be obtained from the density matrix introducing the Löwdin populations
for atomic orbital a. Figure 2 shows the population of the Li(2s) and Li(2p) orbitals as a function of time for E lab ϭ1.0 keV. All populations oscillate over time before coming to a constant asymptotic value that depends on the energy of collision and the impact parameter. The population of the 2 p y orbitals is not shown as it is never populated by the chosen geometry of the calculation. The total time intervals over which populations change are about 200.0 a.u. Figure 3 gives the dependence of the final orbital population on the impact parameter at a E lab of 1.0 keV. We see how the excitation from the 2s to the 2p orbitals is significant in the region of impact parameters from 0.0 to 6.0 a.u. We have found that this feature is repeated at other collisional energies.
We turn our attention now to the calculation of the 2s →2p integral cross section for the Li-He system. Calculations were performed with kinetic energies E lab chosen to be experimental data. 33 We find that there is a strong dependence of the ICSs on the size of the basis set. The sequences of larger basis sets are found to converge. This comparison shows that our results with basis sets III and IV are in excellent agreement with experiment. The experimental values, which are not measured in absolute terms, have been adjusted to our calculations at a single energy of E lab ϭ5.0 keV. These tests calculations have shown that to correctly obtain the 2s→2 p ICSs it is necessary to include several d-orbitals. Figure 5 shows our calculated ICSs ͑for basis set III͒ and compares them with results from calculations using closecoupling equations for a trajectory of constant velocity, and either a model ͑Baylis͒ core potential, 34 or atomic pseudopotential. 35 The curves show the same general behavior with energy and the same orders of magnitude of ICSs, but noticeable differences. Our results also allow for closecoupling and use a calculated trajectory, but the different trajectories are not likely to change ICSs much, so that the likely sources of differences are the choice of core potentials and the size of atomic basis sets.
We now move on to ICSs for the Li-Ne, Na-He, and Na-Ne collisional systems for energies in the keV range and compare them with experimental data and results from other theories.
Li-Ne: Fig. 6 shows a comparison of our ICSs with experimental data 33 and theoretical results. 34 The experimental values have been adjusted to our calculations at the single energy of E lab ϭ3.0 keV. Note that the agreement between calculated and experimental results is good through the entire range of energies. Our ICSs are also compared with other theoretical ICSs. We find that the curves have the same general behavior with energy. However, there are pronounced differences in magnitude. These differences may be attributed to the choice of model potential in those calculations. Na-He: This system has been the subject of extensive experimental and theoretical investigations. Figure 7 presents the ICSs we have obtained with the Na (10s10p3d/7s6 p3d) basis set. We include experimental 33 and theoretical 35 results. We adjusted the experimental results to our calculation at the single energy of E lab ϭ15.0 keV. This comparison shows that our theoretical results are in good agreement with both experiment and theory for the entire energy range. Na-Ne: Figure 8 gives the ICSs obtained with the Na (10s10p3d/7s6p3d) basis set. Our results are compared with experimental data 33 that we have adjusted at the energy of E lab ϭ10.0 keV. Both curves present the same behavior at these energies although it is clear that the trends of the two curves at energies greater than 15.0 keV are different.
IV. CONCLUSION
Atomic pseudopotentials are very convenient and accurate for studies of electronic transitions in interactions of an alkali atom with a noble gas atom. The present results show that they give excellent potential curves, by comparison with previous work, and also lead to the correct couplings between electronic states, induced by collisions, to judge from the agreement with measured integral cross sections over a wide range of collision energies. The potentials are of sufficient quality that they could also be used to describe the spectra of alkali atoms in a noble-gas environment. It is remarkable that the same treatment of the electronic dynamics can provide the information needed for optical transition phenomena at both keV collision energies, as shown in this paper, and at hyperthermal collision energies, presented in a following paper. 13 The treatment based on our eikonal approximation and time dependent molecular orbitals expanded in a basis set of traveling orbitals provides insight on the time evolution of electronic excitation and on the effective potential which governs the motion of the atoms. We conclude that several atomic d-orbitals are needed to describe 2s→2 p transitions in Li and 3s→3 p transitions in Na during interactions with He and Ne and that a large basis set is necessary for obtaining accurate integral cross sections. The basis set size also affects probabilities versus impact parameters and therefore differential cross sections.
We also conclude that l-dependent atomic pseudopotentials are quite realistic. We have their related electron integrals available for series of alkali and noble-gas atoms. Those pseudopotentials allow studies of clusters containing an alkali atom or alkaline-earth ions and several noble-gas atoms, the time-evolution of atomic polarization during collisions and also the temporal recoupling of spin and orbital angular momenta of electrons in slow collisions, for systems such as an alkali atom or the ions Be ϩ , Mg ϩ interacting with noble-gas atoms.
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